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Introduction

This report summarizes work carried out under grant mumber AF~AFOSR-T19-65.
Most of the effort was devoted to obtaining a better understandirg of the be-
havior of cuprous oxide at high temperatures with special referemce to the
electrical properties and defect structure. In this work we were lead to an

investigution of other transition metal oxides. This phase of the work is being

continued under grant number AFOSR-68-1371 so that in some respests this ‘docu- |

ment will. be in the nature of & progress report. This 1is true slss becsuse a

considerable amount of the early effort was devoted to construct‘isn of appara‘é{t‘vst,
that will be used in subsequent work under the new grant. |

In subsequent sections we summarize the main achievements of the. ;;ork.
Included as an appendix are

:

% (a) Diffusion in Oxides aud Sulfides pr.sented at the International

Symposium on Sintering end Related Phenomena at Notre Lame University. As the

publication of the proceedings of this symposium has been delayed the manu-
seript is included nere for wider circulation.

(b) Preprints of two papers just completed and to be published as part of
the Proceedings of the Symposjum on Transport in Oxides held at N.B.S. this

ranth (Cctober 1967).

Studies on Cuprous Oxide

The major effort here involved construction of an A.C. Hall effect apparatus
for measurements opn low mobility materials at high temperatures. The main re-
sults of momsurements on pure crystals have been published - "MHigh Temperature
Hall Effect in Cuprous Oxide" by H. L. McKinzie and M. O'Kesffe and will not
be discussed further here,

Twe types of thermogravimetric measurement have been rade with cuprous

oxid2. In the first the kinetics of veporization were siudied in various

————
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atmospherec. Tie results of this work were presented at the International
Symposium on Kinetics of Ionlc Reactions at Alfred, N.Y. and will appesr in
the pubiished proceedings.

Attempts were slso made to study the kinetics of change of stoichiometry
of the oxide following a rapid change of compositisn of the surrounding at-
mosphere. The rapid rate of weight loss by evaporation precluded‘ meaningful
measurements so 2u electrical method was developed for making these studies.

The results of this work are included in this report as an appendix.

Studies with other Oxides

The interdiffusion studies by thermogravimetiric means have been extended
to wiistite (Feox). Here there is cansiderable interest in the effect of defect
interactions in this very non-stoichicmetric compound. Again a preliminary
account of this work is included with thic report. '

Finally un extensive set of measurements have been made on the thermo-
electric power and conductivity of manganous oxide (Mn0). To a certein extent
these measurements have been overlapped by the work of Hed and Tannhauser
[J. Chem. Phys. 47,2090 {196T)]. BHowever there are still some puzzling problems
in the interpretation of these results and their analysis is not yet complete.

It is hoped that experiments now underwvay with doped crystals will shed more
light on this problem,
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Over the last ten or fifteen years a large body of experimental data
has been accumilating on diffusion in oxides and, to a lesser extent, in
sulfides. In this review these data are c¢ollected together, and an attempt
is made to indicate the more interesting of recent developments.

In contrast to, sey, the alkeli halides, the oxides present an enormous
variety of materials with very different properties so that it is difficult
to treat the subject in general terms, Pecause of this diversity of behavior
too, there has been little tendency to etudy any one system in depth, so
that despite the number of systems that have been studied, it is probadly
true that in no instance is our knowledgej\the nature and mobility of de-
fects as compleﬁe as it is for example in KC1l or AgCl.

In an attempt to systematige the discussion, it is convenient at the
outset to divide oxides and sulfides into three broad types as follows:

A. Materiall'.s with a very small concentration of native defects. = Very
small' may be taken to mean less than tyat detectable by conventional
chemical means (say < .01%). Under thi; classification will come the
oxides and (to & lesser extent) the sulfides of the metals of the first
three groups of the periodic table. mao, Mgo, Alaos, MzS, ete.

B. Materials in which the defect concencration is more readily measurable,
but in vhich the defects may be considered to be in dilute solution
(say .01 to 1%). These matsrials will be largely transition metal
campounds in which more than one cation valency is possible, Ex-
amples sre: CoO, N0, Cu.O.

C. Materials with a large (> 1¥) concentration of defects. Well kncwn
examples are TiO, Fe0, FeS

The distinction between types B and C haté recently bLeen elaborated on

by Ande.rson.(l) It 1s to be understood that thz classification adbove is
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very rough and ready and that a given material may well fell into different
types according to conditions of temperature and smbient atmosphere.

We will now discuss diffusion problems that are pe. liasr to each type

separatel;r.

Type A

Materials falling under this heading will have o very low concentration
of native defects, which may therefore be expected to show nearly ideal be-
havior, and there is little doubt that diffusion in a monocrystal will oceur
by a defect mechanisu.

However, for this type of oxide there is a large experimental obstacle
to the understanding of the defect structurc and hence of diffusion mech-
enisms., This is, of zourse, the problem of- obtaining erystals of sufficlent
purity that intrinsic properties of the erystal can be studied. For mate-
rials of this type the energy of formation of a defect is very large. If
we accept aév es & plausible value for the energy of formation of a de-
fect, (2) then the impurity concentration, ¢, expressed as a fraction of
total sites will be

8

¢ ~ exp (~2ev/kT) ~ 10" at 1000°C

It will require only & very small concentraiion of impurities (e.g. I-‘e}"
in M0 or A in 'noa) to produce defect concentrations greatly in excess
of this intrinsic concentration in the pure crystel. It is very like]y)
then, that defect controlled properties such as self diffusion will be
determined by the fortuitous defect concentration. This is made clear by
the work of Wertz and his collaborators who have made an extr-sive study
of defects in KgO and concluded 1n 1962(3) 110 cur knowlelge, no Mgo

crystals have ever been grown which did not show an ESR absorption by one
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or more impurity ions. In the best specimen we have observed thus far, iron
vas present to the extent of 3 parts per million. It is likely, therefore,
that many of the clectronic properties of magnesium oxide measured to date
are o a serious degree affected by the presence of impurities. In addi-
tion to direct effects of the ions themselves, one has indirect effects
arising from positive-ion vacancies ascribable to the presence of trivalent
ions,!

In the same vein, attention is drawn to the work of Kanzeki and co-
workers(h) who notice significant effects of impurities on ionic conductivity
of KC1 with divalent impurity concentrations as low as 0.01 p.p.m.

Despite these rather pessimistic remarks, it is worth enquiring in gen-
eral terms what tyve of brhavior is expected of oxides of different struc-
tural types. Let us cousider for exarple some simple oxides of general
formila M0, MO and MO, and enjuire as to whether snion or cation mobility
will be the .greater.

If the crystals are considered to be an array of charged ions, it is
fairly clear that a very important factor in determining the type and mo-
bility of defect in the crystal will be the variastion of the electrostatic
potential (the Madelung potential) from point to point in the crystal.

The electrostatic jyotential at an ion site in a simple ionic erystal
may readily oe evaluated in terms of certain lattice sums(s). Values that
are typical are given for three oxides in Tadble 1. In the tadle ¢, and
8, are the electrostatic potentials at a caticn and anion site respectively
arising from the presence Cf all the other ions in the cryetal.

The ligniricgnce of these potectials {s as follows. The vork necessary
to remove an ion from the otherwvise perfect crystal is -2¢ wvhere Z is the

charge on the ion. 2% veries roughly as z? (¢f Tadle 1), As a result we




Oxide

Ne, 0
Mgo

Zr0

Table 1

Electrostatic potentials at ion sites in oxides

Structure L (volts) @& A (volts) -zcﬁc(ev) -2, A(ev)
anti-fluorite -10.6 " 39.2 10.6 38.4
rock salt -23.9 23.9 47.8 k7.8
fluorite -43.1 23.2 172.% 46.4
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might expect that the formation of defects in which cations are absent from
their regular sites, will most readily occur when the cetion charge is small.
Alternatively, if cation and anion vacancies are present in equal numbers
(Schottky defects in a stoichiometric crysi.l) one would expect cation mo-
dility to be greatest when the cation charge is small,

In the ;ct\.u. energetics of the formation and migration of defects in
ionic crystals, relaxation (i.e. polarization) of the ecry-tal around the
defect w'1> be very important. In general polarization will favor the for-
mation end migration of vacancies of the less polarizable ion(s) (normally
this is the cation) so that in MO (and possibly even in "2°5) as well as
Ir Mao, cation diffusion is likely to be more rapid than anion diffusion.
Cchversely for MO2 and higher oxides it 1s expected that anion diffusion
wil: be moxre rapid.

Extens:ion of tkis type of argument suggests that the same general rule
will also apply to non-stoichiometric crystals.

It should be remarked that, given the prcblem of obtaining sufficiently
pure crystals, a profitable course to pursuc with this type of oxide would
be to deliberately dope the crystal with altervalent impurities, There
appears to have been very little work done along these lines (with tke ex-
ception of work. on certsin fluorite-type oxides mintioned below) in con-
trast to the very extensive work reported on doped alkali halides. It would
be very interesting to study, for exarmple, Mg0 doped with small quantitier
of A1203

Fur this type of oxide {type A) there is the attractive feature that
electronic conductivity is scmetimes negligibly small compared with ionic
conductivity. It {s usually true also {(as discussed above) that one ion

is consideradbly more modile than the other. If this {3 the case, the
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aiffusion coafficient D, for the most mobile species is readily obtained

from the conductivity o using the Nexnst-Einstein equation(s)

D/o = fxr/(Na¥) (1)
Here N is the number per unit volume of ions of charge q. § is a mmerical
factor -~ the correlation factor - introduced to take into account that suce

cessive Jumpsiof the defect may not be entirely rendom., Noimally _f is cloge
to unity. (1)

It must, of course, be established that the conductivity is ionic. This

has been done for remarkably few oxides. Transport numbers can, however, be

measured fairly readily from e.m.f, measurements, Consider for exawple a

concentration cell of the typ:

Pt Oa(Pl) oxide | Pt, Oa(Pa)

It the oxide were an ionic conductor the e.nm.f. of the cell would dbe
given by the familiar Nernst equation:

Eionie = (K7/2) In (Pl/pa)l/e {2)

If, on the other hand, there were an appreciably electronic conduction,

this would have the effect of partially 'short circuiting' the cell and the
e.n.f. vould dbe reduced to (8)

ke tl Eionic (5)

vhera ti is the ionic transport numder. Scb:uhried(g) bhas ,ecently given
s dctailed discussion of this type of measurement and results for seversl
oxides. .

As an example of the utility of electrical measurezents of this type

ve may taks as an exaxple the resuits obtained on the mixed oxide Z.rl-xt:nxoe.x.

A o o e

ok et Amataaan ikt o i1
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For tkis oxide the ionic transport number is unity, and the oxygen ions are
the must mobile species.- D for oxygen has been zmeasured directly by tracer
rmethods (see Table 3) and is in excellent sgreement with that calculated
from electrical conductivity using equaticn (l).(lo) The importance of trans-
port number measurements is illustrated by resulis for ThO,-Y,0. solid so-

2 273

Jutions which might be expected to behave very similarly to Zroa-CaO, but

which in fact showed predominantly electronic conductivity. (1) Similar

measurcnents have also been made on pure Mz0 but with conflicting res:v.lt:s.(:"2>

Type B

For this type of oxide the situation is rather different. Here devi-
ations from stoichiometry are sufficiently lerge that the native defect con-
centration is far greater than the normal level of foreign atom concentraticn
in the absence of deliberate doping. In these materials too, the conductive
ity is elmost certainly electronic.

In several instances it has proved possible to measure departures from
stoichiometry, either by chemical means (e.g. by analysis for co?' in
Co0; +x(13 )) or gravimetrically (e.g. for Cuaohx(lh) ). It it is assuned
that one type of iunic defect predaminates in the material, the analysis
vill give the defect concentration directly. As an example, if the only
ionic defect in CoQ,,  were cation vacancies (as 1s thought to be the case),
then there are x vacencies per cobalt ion.

In general the diffusion coefficient D is given in terms of the atom

fraction ¢, of defects responsible Zor diffusion by

i
Bere Di is the diffusion coefficient for the defect and f is the correlation

factor wentioned already. Kncvledge of ¢y therefore enubles D1 to be
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calculatel i'rom the tracer diffusion coefficient D.

For a dilute solution of defects we can express the temperature and
pressure dependence of ey in terms of thermodynamic quantities as follows,
We take as an example an oxide MO in which cation vacancies and M}F ions are
formed in incorporating an excess of oxygen. In terms of Kroger's notation
the reaction is

/2 0, —>0_+ Vi +h (5)

Here Oo is an oxygen ion on an oxygen ion site, VM is a vacancy made by re-
moving a M atom from a metal ion site. We have assumed that this vacancy is
"ionized', f.e. that it has lost one of the positive charges associated with
this site. The positive charge is represented by h® - it may alternatively
be thought of as & M°° fon in the crystal. The equilibrium constant for the

reaction (5) is

K= exp (_-%g_ & a(h®) a(‘fg‘) a(Oo) (6)

[ a(oa )] e

The activity of Oo is constant and may be chosen to be unity. For a

dilute solution, we may replace the activity of defects by concentrations:
a(vy) = a(b®) = ¢, (1)
‘(°2’ - p°2 (8)
From (6), (7) and (8) we have immediately

"= exp (-4G°/2RT) P h (9)

[
1 2

Note that AG® is the standard free energy change for reaction (5).

At censtant oxygen pressure we have




3lne, = =~pH®

i
? (3/p) 2R

AH® 1is now the standard enthalpy change of reaction (5) s or stated differ-

(30)

ently AH® is the heat of solution of 1 g. atom of oxygen in MO, oo

Note that 1f, instead of reaefiion (5) we had the vacancy doubly ionized:
1 °
UM%-a%+m+m (11)

then &y would be given by

oy * (1783 exp (aAG’/3RT)P621/6 (12)
In general
e, o exp (-4G°/uRT) Poal/en (13)
end
dlne - °
i -AH
N o (14)

vhere, as before, AL® is the heat of solution of 1 g. atom of oxygen in the
oxide. The value of n can be determined from the oxygen pressure dependence
cf ¢, (equation (13)).

D:l will likewlse depend on temperature. A couvenient expression for

Di is given by the transition state theory of Eyring.(lS)
D, = (k/n) o erplast/R) exp (-amf/p) (15)

AS’ and AH*may be thought of as respectively the entropy and enthalpy
cf activation for the elementary Jjump process in diffusion, a is the Jump
distance and kX and h are Boltzmann's and Planck's constunts respectivel:,

Fron equation (4), (13) and (15) it is clear that if ¢

i
as functions of tempcrature, AR®, AH:, AS® and AS* may be found.

and D are known
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Data for several oxides have been analyzed by O'Keeffe and Moore‘lh).

Table 2 1ists AHY, AH®, AS* and AS° for oxides in which cation vacancies
are suppoéed to be the major defect. Note that in the table AH® and AS°

refer to the formation of 1 mole of vacancies so that in the case of Cu20

AH® is one half of the heat of solution of a gram atom of oxygen. This .
arises quite simply as in Cu20 there sre two cation sites for each oxygen
site,

Referring to Table 2, it can be seen that AS1 is small. This is to be
expected for diffusion by a point defect mechanism involving very few atoms
in the elementary Jump process. For the isomorphous series of monoxides,
AH* varies only very little; this is a valuable confirmation of the correct-
ness of the assurption that diffusion is by the same mechanism in sll these
oxides.

Turning now to the quantities for formation of a vecancy, it may be

seen that, in contrast to AH?, AH® varies very dramatically, and it is

instructive to see'vhy this should be so.

We considzr vacancies to be formed by the overall reaction (5) (this
is confirmed by the oxygen pressure dependence of cy found for Co0). Now
in terms of the 'real' charges in the erystal M2t 0% reaction (5) s

2- + 3+
5+ 2o, —> 0 e v W (5')
wvhich may be broken down into the following steps:

(a) Nﬁ’-—»vn + M:;

(b) 2¢ + 1/20, —> 0% gas

(c) M 4 oi;s-—wﬁ‘ +o§‘

gas




Table 2

Thermodynamic quantities for formaticn and migretion of defeéts in several oxides

Oxide AR ast AH® AS*
Mno® 0
Fe0 30 -28
Co0 27 -0.8 10 -12
N10 23 (-1) Lo (-14)
Cu,0 12 1.5 22 .9

Note: Enthalpies in keal mole >, Fntropies in cal deg”™ mole™r.

8 reference (100)
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(a) vM-—-av; + &

(e) lﬁ"-—w?*hﬁ* + e

For the closely related series of oxides MnO, CoO, FeO, NiO, the energy
involved in each of the steps (a) - (d) would be expected to vary only slightly.
On the other hand step (e) is the ionization of M?* and the energy for this
step will vary considerubly from atom to atom (ranging from 30.6 eV for Fe
to 36.2 eV for Ni). It is expected, therefore, that the variation in AH®
will be mirrored in the variation of the third ionization potentisl of the
cation. Figure 1 shows that this is indeed the case. It can be seen that
this type of non-stoichiometry is unlikely for MgO, as the third ionization

energy of Mg is very high (80.1 eV)*.

*
Because of this high lonization enerliy, one would expect in fact that
a Bole in MgO would be localized on an oxygen ion (rather than on Mga+).

(16)

This appears to be observed in electrra spin resonance.

Finally it should be remarked in this connection that the evaluation of
¢4 requires the assumption that one type of defect predominstes in the ma-
terial, However Roth(lT) has shown that in FeQ there is an appreciable con-
centration of interstial iran, so that reaction (5) should possidbly be replaced

by a reaction such as

1/2 0, —> 0, + Fey* « 2vy + 2h° (16)

Hov far this observation affects the interpretation of results for
oxides such as Co0, NiO end Cu,0 (in all of which the predominant defect is

assumed to be cation vacancies) is not known. It is worth noting, however,
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that for molten salts of the alkali halides there is good evidence for inter-

stitial (in the sense of tetrahedrally coordinated) cations.(la)
It should also be mentioned that information about D:l may also te ob-
tained directly, from the kinetics of annealing of a crystal containing a

non-equilibrium concentration of defects. An example is to be found in the

P vork of fhomas, (29) who measured the decay of conductivity of Zn0 contain-
i ' ing an excess of interstitial zinc. 2inc is supposed to dissolve in zinc
oxide according to

zm-->2n§ + ¢! (17)

80 that the conductivity is proportional to the concentration of excess zine
in the crystal and the rate of change of conductivity is proportional to the
4 rate of diffusion of Zni.
o This type of experiment involves diffusion in a concentration gradient

(i.e. interdiffusion) - a topic to which we return below.

Type

A learge number of oxides snd sulfides exhibit a wide range of non-
stoichiometry. Formerly, this was described in terms of point defects as
for materisis of type B. Hevever, detaili.d studies of individual systems
have frequently revealed the exis’ence or ¢ number of closely related
phases of definite composition. Particularly notable are the x-ray studies
of Magneii and his school and the phase equilibria studies of Eyring and

(20)

co-workers. Examples of such phases are: Ti with n = 4-10 known,

02:1-1
and HOB-x and M°°3-x which form a large number of phases of composition

M0, o and MOy . (21)

earth oxides in the range Mao) - MO, afforded another exemple in which the

An extreme example is w20058 (w02,9).(22) Rare

2
existence of a number of stable phases of definite stoickiometry MO, ,
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has been established, (25)

These results are not surprising as appears on first sight. Some time
ago Bertaut(eh) pointed out that, from considerations of electrostatic energy,
a structure with a large concentration of vacancies would be expected to be
very unstable with respect to an ordered phase. Indeed the possibility of
existence of a very non-stoichiometric compound has recently been questioned.(l)

It is profitable to examine the situation in a little more detail., Fig-
ure 2a shows a two-dimensional crystal of naminal composition AB., A few A
atoms have been removed; and clearly those empty A sites should now be
referred to as A vacancies. Suppose now that 50% of the A atoms wcre re-
pcved in a systematic way giving a compound ABa. This process has been al-
wost completed in Figure 2b; it can be seen that some of the sites that were
A sites in AB are interstitial sites in .A.Ba. So far there is no difficulty.

Let us now make a solid solution of AB and A32 such as shown in Fig-
ure 2c. It <1s not clear any longer whether we shculd refer to this as AB
with A vacancies or AB2 with interstitial A. However, as mentioned above,
it is in fact rather unlikely that we should have a random solid solution
of this type; the reasoning is as follows.

Referring again to Figure 2b, it can be seen that each interstitial A
ion has four nearest neighbor A fons--a configuration that might be expected
to be rather unfavorable for electrostatic reasons. Mag,neli(QS) has pointed
out that the same stoichiometry can be maintained and yet have no more than
tvo nearest neighbor A ions for any given A ion. This cea be done as shown
in Figure 3a wvhich is taken from Magneli's pqper.(zﬂ The feature to note
now 1s that most of the ions in the crystal bave the same immediate environ-
ment as in pure ABa; the exceptional ions are arranged along zig-zag lines
that run through the crystel. Thus, there are regions of pure AB, separated

e
by randomly aligned regions of different stoichiometry (richer in A). .-
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Adjacent A32 regions are no longer in phase, and to this extent there is
strictly no longer long range order in the crystal., However, if the perfect

A32 regions are sufficiently large, the x-ray diffraction pattern of the non-

stoichiometric cqmpound will be that of AB2.
,h ' We enquire now as to ionic mobility in a crystal of this type. It is
S assunmed that it is a very unfavorsdble configuration when an A has more than
two A nearest neighbors, so that Jumps that result in this type of configura-

tion will not occur. This rule severely limits the nwiber of A ions that can

move at any one time., Figure 3b has been obtained dy moving twe ians that
can move with the above restriction; it cen be seen that in the new arrange-
ment, ions that were previously unable to move can now do so. Eventually
all the A ions will be able to jump, but the number stle to jump at any one
time will be rather small. In this sense the number of defects is rather
siall--mach. smaller than the number of "vacancies" in the crystal.

E . ’ Figure 3c, also after Magnell, shows how phases of general formula
AnB2n-l can be built up. This is done very simply by allowing the z2ig-zeg
lines of extra atoms to line up 3in an ordered way throughout the crystal.
The phase shown is ASB9 and is a stoichiometric compound that (as drawn)
contains no defects at all. The real three dimensional phases mentioned
earlier are no doubt much more corplicated than the two dimensional case con-
sidered here; in particular both catians and anions will be involved in the
ordering process.

To summarize the discussion so i{ar* In a crystal ABn_x having a structure
(as revealed by x-ray ditfra.ction) similar to AB , the stoichiometry may not
be a reliadle guide to the number of dcfects sble to diffuse. For example,
a vecancy should be defined as a site such that if an atom Jumps into tlat

site the energy of the crystal is unchanged. In this sense the number of
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vacancies may be mich less than the stoichiometric deficiency.

The example we considered in Figure 3a is still a non-stoichiometric
crystal (in contrast to that shovm in Figure 3c¢). It is well known, however,
that we may have a stoichicmetric compound with the same sort of require-
ments, namely that a given ion has a definite nuwsber of nearest neighbors,
dut in which there is no long range order. A very well known example is that
or ice. Newman(as) has successfully interpreted the structure of Gaas3 aend
related compounds from this point of view. Superficially these compounds
have a defective ZnS structure, but Newman showed that each ion in the crystal
has a definite coordinction, Jjust as in ice each oxygen has two hydrogen near-
est neighbors. As Kroger(27) has pointed out, only deviations from the 'ideal!
short-range order in which a given ion has a different number of nearest
neighbors should be considered a defect in the Frenkel and Schottky sense.

(28) and V0(29) for which at the stoi-

This might well be the case in Ti0
chiometric composition the formula based on a rock salt structure is M,-8500°85°
A possible explanation is that each metal and each oxygen has 5 nearest neigh-
bors (rather than six as in the perfect rock salt structure). Migration of
(say) oxygen to a ﬂeighboring site requires that one metal will have four
oxygen neighbors and one metal six neighbors. These 'defects' can then mi-
grate through the crystal.

The only relevant diffusion work known to the author is that of Condit
and Zirchenall on e, S.(jo) These authors found a non-linear dependence

1-8
of the iron diffusion coefficient on the degree of non-stoichiometry, &; viz.

Dy, = 0.16 {52 + 102 exp (-h/‘m'f"" exp { -9 + ma)/m*} (18)

Although ordering of defects at a comrosition near rcTSa reduced the iron

diffusion coefficient, the effect was less than one order of magnitude
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change in DFe' It appears to the present author that this is strong evi-
dence for short-range order above the disordering temperature. The compli-
cated dependence of L on § (which might naively be equated to iron vacancy
concentration) defeats attempts at a simple explanation based on a rardom
distribution of vacancies.

Finally under the heading of t.pe C materials we should perhaps include
campounds such as 01128 and A328 in which an almost random distribution of
ions over a muber of lattice sites occurs, although the stoichiometry may
be nearly perfect. In 0“28 the copper atoms are in three sites occupied
ebout 87%, 35% and 17% respectively. (1) This is to be compared with a
corrletely random distribution in which 33% of each site would be occupied.
In the high temperature form of Agas the silver is thought to be randomly
aistributed. (32) A11en and Moore(33) found en extraordinarily high diffusion
coefficient for silver in this phase, viz,

Dpg ™ 2,8 x 10"‘ exp (-3450 cal/RT) (19)

AS:t calculated from equaticn (3), and using a correletion factor f= 0.50, (34)
is very close to zero. This is consistent with a model in which silver is
able to move without creating any additional disorder. Allen and Moore com-
ment further that the DAg is comparable with that calculated for a gas of

silver atoms at the samc temperature and density. Hersz, then, is one case

vhere camplete randonness is likely.

en Diffusion -
In nearly all oxides except those of formula Mo, (end possibly higher
oxides) oxygen diffusion is considerebly less rapid than cation diffusion

(PO 1s one exception). This situation is paralleled by tlat cbtaining for

the halides in which cation mobility is normally greater in the lover halides
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(35) (36) ,
dut anion mobility greater in MX2. In €40 and '.1‘102 it appears thet
anion diffusicn occurs by a vacancy mechanism, but Jor ZnoO, Cueo, Mg0, Ni0
and PbS it has been suggested on the basis of the pressure dependence of
the diffusion covefficient that an interstial mechanism is operating. An

alternative explanation was offered by Moore‘yn

aud more recently reviewed
by Wwdbury.(se) This theory invoked cooperation ol cation vacancies in
enfon diffusion and would provide an explanation of the observed dependence
of D on a positive pover of oxygen pressure. It does not appear possible
to distinguish between these mechanisms at this stage, although in scme
instances a general indication of the mechanism of oxygen diffusion can

be obtained from the magnitude of the pre-exponential fuctor in the d4if-
fusion coefficient.

Thus, writing D = D_ exp (- EOIR'I‘) we see from equation (1), (2) and (3)
D = (xT/n) a® exp {(AS’ + AS‘)/R}

2 1

(i/n) €2 1s typically ebout 102 o sec™ at 1000°C, and ASt s gener-

ally expected to be rather small for diffusion by a point defect mechanism,(5l)

50 that 1f D, is very different from 1072 cn? gec™t

it will be due to the
factor exp :AS*/R).

For experiments at constant oxygen (or sulfur) pressure we can estimate
the order of magnitude of AS® as follows. If oxygen vacancies are formed
by & reaction such as

20, —> 2V + 0, (20)
4S vill be large and positive intluding not only the contridution fram the

gaseous oxygen (60,4 cal deg'l mole™L

at 1300°K), but also from the gencral
loosening of the lattice in the proximity of the vacancy. This might cone

tritute a factor of as much us exp (40 e.u/R ~ 10° to the pre-exponential

e s Al i caen
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factor Do' On the other hand formaticn of interstitials by e.g-
vy + o2 ~> 20, (21)

vill be expected to have a negative AS with exp (AS/R) perhaps ~ 1072,
Compare for example (from Table 2), D, for oxygen diffusion in Ng0 which
is thought *o occur by an interctial mechanism‘ﬁg) with Do for oxygen
diffusion in Cd0, which almost certainly proceeds by a vacancy mechanism.(ho)
Finally, in connection with the subject of oxygen diffusion, it is very
interesting to note that recent measurements of xenon diffusion in several
ceramic oxides(hl) gave results surprisingly similar to those obtained for
oxygen, While this may be fortuitous, one is lead to spreculate on possible
“echanisms of diffusion in which molecu_ar oxygen (which is similar in size
to zenon) plays a role. CIearly, rore experiments of this type would be

very valuable,

Interdiffusion end Reaction

We have so far considered only self diffusion in a homogeneous crystul
as measured for example by tracer experiments, ¥However, for many appli-
cations of interest to the chemist and ceramist it is interdiffusion, with
possible reaction to form a new phase, that is of interest.

Reactions between solid oxides to form new phases and gas solld re-
actions are the subject of a later paper so that they will be omitted here,
the present discussion being limited to two types of interdiffusion process.
These are (a) the interdiffusion”of one component of a binary compound and
the compuund itself (e.g. O2 and Cuao) resulting in a change of stoichimetiry
ard (b) the interdiffusion of two oxides to form a solid solution of the
sare structure (e.g. CoQ and Mg0).

The new features that we have to consider are that now we are concerned
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with diffusion in a concentration g.'adient and the interdiffusion process
vill involve a flux of at least two differsnt specles. Until the advent of
isotope tracer techniques, this was of necessity the only type of diffucion
studied.

Formally, the rate of interdiffusion of A und B is characterized by an

interdiffusion coefficient, given by(hz)

= 2
)] cADB + CBPA ( 2)

vhere cyo Cp are the mole fractions of A and B, and PA and DB are the

diffusion coefficients of A and B in the solution of A and B, It may be

shown that(he)

D

*
g = D (1 + din¥p/3lncy)

(23)

D, = D, 1 + din¥,/dlnc, )
Y Tpf e,

* %
Where in turn DA’ DB are the diffusion coefficients of A and B as measured
in a homogeneous solution of A and B by, for example, tracer methods (i.e.

in the gbsecnce of a chemical concentration gradient). Y

A is the activity

coeflicient of A in the solution.

For a binary solution from the Gibbs-Duhem equation we have that

Y.
il S e Sl (25)
dnc,  Aney lnc

80 that from (22) we have the Darken Equation:*

Bx B+ egD; (1 + dinv/alnc) (26)

*
Strictly equation (26) 1s correct to the extent that there are no
correlation effects and that there is no coupling between the flow of A

and the concentration gradicnt of B and vice versa. For a more complete




-19-
expression for D reference should be made to the review by Howard and Lid-

saral’®),

* . Twning now v¢ some specific examples let us suppose that B is a gas

that can dissolve in A forming a dilute solution. If A is considered a rigid

matrix then DA o O and as the solution is dilute ¢ 1 so that equation

p X
(23) becomes

~ %
D= Dy (14 alnYB/alncB)

If B dissolves in A as ions by a reaction of the sort

B —>B" + ve (27)

{ Then using the well-knowmn formalism of solution 'l:heory(h3 )

v+l .V
ag = at 8 c+Y+ c Y_ (28)

where 8y is. the mean ionic activity and the +,- subscripts refer to B

and e respectively. Assuming an ideal solution of B ' and e~ we have Y, =Y.=1

and vc+' = ¢_ 50 that

oy = ¢ cB‘” (29)
alnaB/alncB =y + ) (30)
and tbus Fe(v+1)n, (31)

As sr i1llustration we may take the diffusicn of interstitial zinc in

zinc oxide. We have seen that"zinc fiissolves in zinc oxlde by the reaction

anas — Zn;_ +el (1)

and the rate of uptake of zinc can be obtained from conductivity measure-

ments.(19) In this exanmple v = 1 8o that

Be20 (2} (32)

T Yt
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*
Note that D (Zn{) is the rate of diffusion of interstitial zinc in
*
hamogeneous zinc oxide and is the defect diffusion coefficient, i.e. D (Zni) =
o

DZn/c (2n3) (ef equation (4)).

The type ¢ diffusion Just considered is more frequently discussed from

(L)

a slightly different point of view. As the electren is more mobile than

the zinc ion it will tend to run ahead creating s 'diffusion potential' &
that enhances the rate of diffusion (accounting for the factor of 2 in equa-

tion (32)). The flux of zinc ions of charge q is then given by

3 (%) = - D (zn3) ac(zng)/ax + q 4/dx (33)

and the flux of electrons is similarly
- * , . -
J(e")=-D (e) dc(e”)/ax - q a¥/ax (34)

Rectrical neutrality requires that

J (&) = J (20}) (35)
which together with the inequality

D" (2n;) << D (¢7) (36)
and P=D (Zni) = ~J (Zn;)/(dc(Zni)/dx)

yields equation (32). This type of diffusion issametinmes called ambipolar

diffusion.

As a second example, we may coasider the uptake of oxygen by a crystal
MO. We suppose that oxygen is taken up by the reaction discussed earlier
L ® ' o
Y20, —>0 +V, + h (5)
The mobile ionic species will now be the cation vacancy which we have

assumed ionized as showm. In thin instance we have

B .20 (37)
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where now Dv* 1s the vacancy diffusion coefficient DM/cv.

An experiment of this type could readily be performed as follows. A
exysta’ of MO at & low oxygen pressure could be suddenly subjected to greatly
enhanced oxygen pressure (all the time staying within the field of existence
of MO, of course). The rate of uptake of oxygen (measured by the change in
gas pressure or perhaps gravimetrically) will then yield the vacancy dif-
fusion coefficient directly. This is a method that deserves more attention
than it has been accorded so far.

There has of necessity been a simplified eccount of interdiffusion for
two simple examples. For a discussion of Interdiffusion tsking into account
cation and enion mobillty and Schottky equilibrium see Brebrick.(hs )

We turn now to a second type of interdiffusion - that of two solids
forming a soli¢ solution. For simplicity the discussion will be limited
to on greatly oversimplified example to illustrate the type of behavior to
be expected, The example considered is that of two simple oxides AO and BO
that have been placed together and allowed to interdiffuse.

After a diffusion anneal the interdiffusion coefficient may be obtained

from a Matano(hs) analysis from

5.1 & [
D=5 < & X de (38)
vhere the origin of x (the Matano interface) is defined so that
1
/ xde=o (39)
()

-

D measured in this way does not by itself give any information about the
ttude of D; or Dy

magnitude o A ©F DB
In order to find out what type of concentration-distance curve to ex-

pect we make the following simplifying assumptions.
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It is assumed that oxygen diffusion is nepligible and that cation dif-
fusion is by a vacancy mechanism and further that the concentration of vacen-
cies in pure AQ is negligible compared with that ir BO.

We have now that

Dy = Dy
(ko)
DB =DVB cv

where DVA’ DVB measure the rate of vacancy diffusion by Jump into sn A o &

B site respectively. It will not affect our general conclusions i1 ve let

DVA = DVB = DV' We then have very simply

P = D, oy (%)

Cy will depend strongly on the concentration of BO (CB) in the solution;

suppose
e = e et (b2)

where n is a rational number of the order of wnity. Thus from (41) and

(k) if Dg is the diffusion coefficient of B in pure BO:

B-n c;cg = Dgcg (43)

The expected conceniration profile for D of this type can be obteined
by numerical solution of Fick's equation.(h'r) Figure L shows tae results

for n = 2, 1 and 1/2. 1In this diagram ¢, is plotted against the dimension-

B
less parameter

A /gy (4t}

The curves of Figure 4 are rather interesting. They show, for exauple,
that the concentration of B will fall to zero at a finite distance into the

A0 so0 that there will bc a definite rate of advance of the boundary of the




sollid solution into AO. This rate is

axfat = A (D;/t)l/a (45)

vhere Ao is the value of )\ at which ¢y falls to zero.

Although it involves some rather drastic approximations the above anal-
ysis probably describved fairly well the general behavior of systems such as
Co0-Mg0 and FeO-MgO. A recent study of the FeO-Mg0 system(he) did indeed
show a concentration profile remarkably like that of figure (4) for n = 2.
The 0o0-Mz0 system(h9) likewise shows a sharp boundary between {Co, Mg) O
and pure Mg0O, but it should be emphasized that despite statements to the
(k9)

contrary the rate of advance of the boundary is not a measure of the
rate of diffusion of cobalt in MgO but (cf equation (%5)) perhaps more nearly
measures the rate of diffusion of cations in pure CoO.

A complete analysis of a system such as this presents a rather diffi-
cult problem, that has not yet been solved to the author's knowledge. One
difficulty that might be mentioned is that except for the case of n = 1
(vacancy concentrations Jlinearly dependent on concentration of B) the total
number of cation sites is not constant. As a consequence it will in gen-
eral be necessary for the solid system as a whole either to gain or to lose

oxygen. This wil] be a particularly importont effect for systems involving

oxldes such as FeO where the vacancy concentration is very large.

Diffusion Data

Finally we present in condensed form a summary of the data available
on diffusion in oxides and sulfides. Only data directly measured by tracer
or similar techniques have been included. No effort has been made to assess
the reliability of any measurements, as this would be extremely difficult

to do objectively. It must be pointed out, however, that in a few instunccs -
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vhere mearurements have been made independently on the same system, widely
differing results have been obtained. This is no doubt due partly to the
problem of impurities mentioned earlier; however, some particularly trouble-
some anomalles remain, One notorious example is that ¢f the diffusion of
zinc in zinc oxide., Only two representative values are included in the
teble. For a survey of this problem, reference may be made to the paper of
Moore and Williams(so) and the ensuing discussion(sl).

In a great number of cases diffusion coefficients are measured in a
constant atmosphere (frequently air) with temperature as the only parameter.

D is then reported as

D=Doexp(-E/R‘1‘)

It 1z emphasized again here that it would frequently be very profitsble also
to make measurements in which the partial pressures of the ambient gases
are systematically varied. Where this has been done it is noted in the
table.

One might inquire as to whether there were any significant trends in
the diffusion coefficients reported. Lindner(52) has made the interesting
observation that for many oxides the cation diffusion coefficient at the
melting point is within an order of magnitude of 1077 cmasec'l, but this
rule 1s by no means universally true.

The enormous range of reported values for I%and E calls for comment.
There appears to be no direct correlation between Qo and F, although as
might be expected, in gcneral e Jarge Do is sccompanied by large E. There
is a more direct correlation between DB and E/Tm; in figure 5, E/Tm is
plotted against log DB‘ It may be seen that there appears to be an approx-
imately linear relation betwcen these two quantities for the oxygen duta,

and a less direct correlation for calion diffusion.
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These observations present an interesting theoretical challerge.

Ubbelohde(ss) has remarked on the very large pre-expunential factor in

many rate processes in solids and was led to suggest that this might be

related to a persistence of activation energy or 'overshoot' phencmenon.

By this means an fon (particularly an interstitiel) could jump several

atomic distances at once. Alternatively one might envisage that, rather

than diffusion by a point defect mechanism, there was a cooperative effect

in which either a cluster or & plane in the crystsl moved. Fer a recent

discussion of the relationship between activation energy and pre-exponential

factor and for further references see reference (5k4).
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TABLE 2

Solid  Diffusant D enfsec™ B o Comment  Reference
Cn,0 Cu b4 x 1072 36.1 55
0.12 37.8 56
0 6.5 x 107 39.3 D~F, e 5T
Ag 6 x 10 27.6 58
2n b x 207 30,0 59
Mgo Mg 249 79 (60)
0 2,5 x 107 €2.h Dy~ Fo, % 3,6
Fe 8.83 x 107 b1.7 62
Co 5.78 x 10”7 47,4 62
N 1.80 x 1072 18,3 62
7n 1.48 x 1077 42.5 63
Xe ~3x 1076 ~ 64 k1
Ni0 M 2 x 107" 39.6 64
1.7 x 1072 56 65
0 6.2 x 107" 57.5 Dy~ T, Yo o e
Zn0 2n ~ 10 T3 67
1.3 x 10 43.5 50
0 6.5 x 107 165 50
I 2.5 x 10° 7 68
Fe0 Fe 1.4 x 1072 30.2 in FeO) oar 69, 13
Co0 Co 2.15 x 107 34,5 Do~ P, %0 13
FbO ) 10° 66.6 10
0 5.39 2.4 7
cdo 0 8 x 10° 93 D~ Poa'% ko
BeO 0 68 T2
6

Xe ~3%x10




B s et e

Solid

TABLE 2 (Continued)

2 1

Diffusant D, cm°sec” Benl Comuent  Relerence
Ca0 Ca 0.4 81 5}
Ba0 Ba ~ 20°° ~215  above 1350°C Tk
12,0, 0 1.9 x 10° 152 T > 1400°C 75
6.3 x 108 57.6 T < 1400°C 5
A 28 114 76
Xe 3 x 10'6 63.5 1
Fe 9.2 x 1078 27.6 7
05 cr b x 10° 100 78
0 15.9 101 79
J137 61 80
Fe,0, Fe b x 10 112,0 81
1.3 x J.o6 100 82
0 10% 146 83
1203 Y 2.h x 10"‘ 43.9 8L
vo, U 0.23 104.6 H,0 atmosphere 85
4.3 x 10 83.0 H; atmosphere 86

others 56, 87
2x0, 0 5.1 x 1070 29.8 (15% Ca0) 10
Xe 6.5 x 107 k2 b
T10, 0 2 x 1072 60 (.o1% AL,0,) 88
Fe 2 x 10°2 55.0 in air 7
1.9 x 107t 55.4 ia varwum i
Bo0, Sn 10° 19 18
Geo, 0 1077 28.5 89
(107%) 21.5 9
Fe,0, Fe 5.2 55.0 ¥ 0995 O 69
6 x 10° 8k r~p, 0:49%) o

2




TABLE 2 (Continued)

Solid  Diffusent D, en’sec™ B Comment  Reference
cfasm3 Ca T4 x 10" 12,0 81
PuS10, Pb 85 59.5 81
PbSi0, b 8.2 Y 81
85110, 0 ~ 1077 ~ 215 independent of F, 92
ZFe,0, 8.8 x 10° 86.0 93

Fe 8.5 x 10° 82 9
ZnCr,0,, Zn 6c 85.5 : 78
anCr0,  Cr 8.5 81.0 78
CoCr,0, Co 10~ 51 ok
cr 2 72.5 9k
MCr,0, M 1.5 x 107 61.4 52
Cr Th 72.5 78
0 017 65 63
2nA1,0, Zn 2.5 x 102 78.0 78
NALO, M 2.9 x 1077 53.5 52
Sum 0,  6n 2 x 10° 109 78
Zn 37 76.3 78
CaFezOh Ca ] 30 86 81
Fe 0.k 72 &1
YBFesolz 0 0.4 65.4 95
A3_S A8 2.8 x 10"‘ 3.5 in cubic Ag,S 3y
8 2.4 :g.lo'h 25 . 96
PS P 8.6 x 10”2 35 stoichiometri: g7
Ps
8 6.8 x 107 31.5 " %
FeS Fe see text equation (18) 30

100217 2o 30

(7]




TABLE 2 (Continued)

1

Solid  Diffuvsanc D, ensec” Benl Comment  Keference
NiS N 1.1 x 1072 25.5 Il c-axis 99
8.5 x 1070 25.6 L c-axis
s 2.5 x 10 65.5 H c-axis 99
2.2 x 106 87.5 | c-axis
oas o 3.4 16 in sat. Cd Vapor 38
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Chemical Diffusion in Wistite (Feox)
R. H. Campbell and M. O'Keeffe

Chemistry Department, Arizona State University, Tempe, Arizona




Introduction

A large number of cherdcal reactions of considerable industrial importance
involve the diffusion controlled transport or matter in oxides. As examples we
may cite the oxidatlon of metals, the reduction of oxides, sintering of ceramics
and the formation of ternary oxides (such as spirels) from binary oxides. It is
clearly of considerable interest to be able to relate the diffusion coefficients
characterizing these processes to the diffusion coefficients obtained from radio-
isotnpe studies in homogeneous materials.

In order to clarify the definitions used and also to make clear the under-
lying sssumptione, we first shetch a derivatior of the relationship between the
'chemical' and 'cracer! diffusioa coefficilenis, following the general treatment
given for example by Darken.l

In en erperinent in which a vet flux of matter is observed, s chemical dif-
fusion coefficien’. can be defined in terms of the experimentally measured quan-

tities by Fick's equation
D, = -Ji/grad ey (1)

In practice aa integrated form of Fick's 'second! equation is usuallv used but
this 1s equivalent  the definition (1).

To relate D to other measwruble quantities it is assumed that the driving
force for isothermal diffusion is the gradient of electrochemical potential

so that tiae velocity of the diffusing epecies 1 Is
= > ® = H
vy Ji/c1 y erad u, (2!
where v is the mobil 'ty of species 1. Writing

ui-u1°+ RT n &, (3)




we have from egs. (1) and (2)

B, = u, BT (dln a,/dln c,) (4)
~ #*
In order to relate D to the tracer diffusion coefficient, Di’ it is

supposed that in a dilute solution the tracer atom behaves identically to the

solvent atoms and that din a i/dln ¢, is unity. However it 1s possible that

i
atomi.c jumps are not completely random but correlated so that we write

D= f
i— u

BT (5)
where f 1ic correlation factor. We return to a discussion of f below. Sub-

stitution of eq. (5) into eq. (4) yields finally the Darken equation

B, = (1/1) 1, (an a,/ain ¢,) (6)

Wistite (FeO ) would eppear to be an ideal materisl with which to test
eq. (6). It bas been known since the experiments of Pfeil® that oxygen dif-
fusion is negligibly small in this phase. Several concordant measurements of
tracer diffusion have been xnade3 o5 ; the results of some of these measurements
sre hovn in Plgure 1. It has also been shown’’” that Dy increases with in-
creasing x in FeO especially at higher temperatures (abuve 9C0°C); this is a
sigrnificant observation to which we return below.

There have alsc been a number of measurememtss’T’B

of activity as a function
of concentration which are again in good agreement with each other. From tuese

we have calculated that at 1050°C in I"'eox
2
aln ape/dln Cpe " 28.5 x (1)
Levin and Wagner’ studied chemical diffusion in this system by partial

reduction of FeO . Their results were in fair accord with eq. (6) but interest-

ingly it was found that T decreased with incressing x whereas, if f is comstant,




)

eq. (6) predicts an increase of 1 with x (both ﬁ;e and din aFe/dln Cpe increase
with increasing x).

We decided to examuine thls system a little more closely, to see whether we
could resolve this discrepancy; as will be seen owr results are in even less

accord wit. eq. (6).

Experimental

Feox was made in situ in a vacuum microbalance apraratus by oxidizing 1 mm
thick 99.999% (with respect to metallic impurities) iron from United Mineral
and Chemical Corp. in an approximately equimolar coz/co mixture. The material
was always maintained within the field of stability of wilistite after oxidation.
Examination of the specimen after a series of experiments showed that it was
coarsely crystalline with grains several mm in size and with a hollcw core rosult-
ing from the outward diffusion of iron during oxidation. After equilitration
in a given 002/00 mixture the pressure was reduced to less than 1 mm (oxygen
activity being unchanged during this process). A 002/00 mixture of slightly
different oxygen activity was then added and tie kinetics of oxygen uptake or
loss by the sumple was followed. The diffusion coefficlent was calculated
utilizing the well-known soluticn9 for thils dilfusion problem from the data
for the last 50% of the weight change. The total weight c.ange was typically
geveral tenths of a milligram and could be measured with a rrecision exceeding
14, It is characteristic of this type of measurement that only relative weight
changes need be measured but in fact the abrolute weight changes agreed well

with the published data.®?7/8

The thermocouple was calidbrated in situ by
observing the melting point o1 a sample of pure gold hanging in place of the




Results

Most of the measurements were confined to constant temperature of 1055°C.
Results for two series of measurements made on two different samples are shown
in Flgure 2. The general behavior of 'ﬁpe decreasing with x as reported by Levin
and Wagner (and in subssquent measurements reported by Prof. Wagner at this
symposium) are confirmed but our diffusion coefficients are consistently lower
by about an order of msgnitude. A possible explanation of this difference is

given below.

Discussiaon

Representative results presented in Table 1 illustrate clearly that the
Darken equation with f ~ 1 is not cbeyed in this system. We feel that there
are two possible explanations for this result.

l. Vhen the composition of FeOx is suddenly changed near the surface there
is a change in lattice parameter. The shape of the sample will not be able to
change to accommodate this change in molar volume so that there will be & stress
gradient across the sample. To relieve this stress there will have to be a
flux of matter normel to the concentration gradient. If the stress gradient is
sufficiently large it is entirely possible that the rate of change of composition
is cuntrolled by the rate of relaxatian of stress, 1.e. by diffusion of irom in
the ebsence of a concentration gradismt (it ie assumed that oxygen can be trans-
ported in the gas phase) as for exmple,‘ in sintering.

In terms of the equatiocns given above the chemical potential appaaring in

eq. (3) must be replaced bylo

o o
Wpe = Hpe * FT 1o ap, + &u (8)

vhere n;e is the activity of iron i1 the unst-=ssed materisl and éu is the

change in chemical potentisl due to the stress. Explicit expressions for
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in terms of the stresses and elgstic coefficients have been given by Darken, Li
and Oriant.*° Equation (6) becomes now

;
¥ -, [BR0 1 A%y) (9)
1l B

Only the first term in square brackets 1s obtainable from equilibrium
measurements. Evaluation of the secand term requires a detailed knowledge of
the elastic compliances of the crystal but it is important to note that it is
of the opposite sign to the first term. We may illustrate this last point by
a very rough approximation (not to be taken too seriously, but simply given to
show that the effect of stresses must be taker. into account) as foliows. If the
shear modulus is much greater than the bulk modulus we may suppose the stress
to be essentlally a hydrostatic pressure P given approximately by
P =~ -(1/8)(aV/V) where § is the campressibility end AV/V the fractional change
in volume of the material that would occur on changing the concentration. &y
is then BV, ~ -(V,/B)(aV/V) and finally

1 a(ee) Vi oa(av/v) (10)
M dnc, B ainc,

From the data of Jette and I-‘ootel:L and Levin and Wagnerla relating lattice

parameter to composition we estimate VFe = 5.0 co’ mole'l, a(av/Vv)/din e, = 0.4,

6

80 that with B ~ 10 atm™L the right hand side of eq. (10) is equal to about

-20 compared with about +30 for dln s, /dln Cpe*
This cmsideration is particularly important for a ma.erial of wide compo-

sition ra g= such as wllstite. For an oxide like Ni0  for example dln a/dln ¢

1s of the order of 10° so that ihe second tarm in eq. (9) will t: relatively un-

important.
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2. We have still to explain the observation that 'BF o decreases as x in-
creases. This can be explained if £ increases with increasing x, as 1s quite
possible in a l..ghly defective material such as wilistite.

In a system containing a dilute soiution of vacancies Jjumping strictly at
random £ will be less than one due to the fact that tracer jumps are not random
but sequentially correlated with a higher than statistical probability of an
immedigte return jump. If however one has a concentrated system of defects
their jumps will no longer be random but on the contrary it is likely that there
is correlstion between two (or more) simultaneous atomic Jumps. This will be
because of interactions between defects such as vacancies msking certain con-
figurations more stable. Similtaneous jumps that preserve the integrity of the
carplex will then be preferred over random .jumps.*_t

It is quite likely then that the decreasing D observed in this system
reflects an incremse of f from 0.78 for a dilute soclution of vacancies in the
(nypothetical) material with x close to unity to a value somewhat greater than
one in mgterial with x ~ 1.1. It is possibly significant in this connection
that D appears to level off at a composition close to the Wl — W2 transition

7

of Raccah and Valiet which is 1likely to represent an ordering nf defect clusters.

Sumsmary
Chemical diffusion in the FeO (wlistite) system indicates that the Darken

equation does not carrectly predict the relationship between chemical and tracer

*If is possibly helpful to ccnsider tw. extreme examples. In a direct
pPlace exchange mechanism of diffusion by tracer atoms a net flux of matter
(or icnic conductivity) is not possible so that £ - =, By way of contrast the
'caterpillar' mechanism proposed by Yokotau and vhich coneists essentially of
simultaneous linear jumps. The net flux of atoms can be much greater than that
of tracers so that f << 1 (Note that f defined by Yzkota is tbe reciprocal of

that used {n this paper).




I

T

diffusion coefficients. A modification of the Darken equation is proposed
which takes into account the stresses present in an inhomogeneous material.
The results also indicate that in very defective materiasls (such as wiistite)
the correlation coefficient may well be concentration dependent.

Research sponsored by the Ailr Force Office of Scientific Research, Office
of Aerospace Research, under grant NrAF-AFOSR-719-65.




Table 1

Observed and calculated* chemical diffusion coefficients in Feox

T°C x 1 3 (cale) 1% 3 (obs) Author
1100 1.125-1,05 2.7 3.2 Levin gnd Wagner
1100 1.125 1,10 6.7 0.87 L
1055 1.07 2.5 0.15 This Work
1055 1.13 6.1 0.06 " "

*
~ Caiculated from eq. (6) with £ = 1.




FeO, 09

D}, (cm?2sec™)
= (4.1-103)exp(-27.8 kcal /RT)

e Carter & Richardson
o Desmarescaux & Lacombe
x Himmel, Meh| & Birchenall
* Pettit (oxidation)

] 1

1
0.7 0.8 09 1.0
103/ T°K
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Interdiffusion Coefficients from Conductivity Measurements

~ Application to cueo

R. H. Campbell, W. J. Kass and M, O'Keeffe
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Introduction
In meiy non-stoichiometric oxides with ionized vacancies, the conductivity
is proportiomal to the departure from the idesl composition. This is the case

for example in Coo.l

In Cugo the copd. ctivity is accurately proportional to
the square root of the vacancy concentration (as shown by the oxygen pressure
dependence of conthctivitya end vacancy cmcmtration’). It would appear
vossible therefore to use conductivity as a measure of composition of the
sample, and indeed several authorsh have used this fact to follow the kinetics
of interdiffusion in oxides.

It is necessary hovever to proceed with caution as in general the apparent
conductance of an inhomogeneous sample is not proportional to the average con-
centration of defects. Provided tnat there is local electrical meutrality,
(1.e. in the absence of a space charge) it is possible however, to relate the

local conductivity ¢ to the local ccncentration of defects, c.

Theory

We have considered the case of a rectangular prism -8y < X < 85
-a, < X, < &y, -33 < x5 < a3 with porous electrodes on the Xy X5 faces so
that the conductance can be measured in the 13 direction. We suppose that the
initial conductivigy oy is due to an initial homogeneous concentration of
defects ¢ T For times grester taan zero the surface concentration is held at
cp 80 that the conductivity comes to a value Op 88 t ~ -. The concontration

at any pcint in the material is then given by the well-known expression

¢ (1) Xpr X3) = g - (egoe;) 8 (5)) 8 (5,) 8 (55) (1)

vhere

8 (5)) = (2/n)nzo [(4)"/(:»1/2)] exp [-Bi(ml/2)2w2] cos [(m;/e)ngi] (2)




and in tum

gi = xi/ai H Bi = Dt/aie (3)

The local conductivity is g(xl, Xp) x3) and as discussed above we have

olxy, %y X5) = Melxy, xp 5,) O

with A a constant and m usually 1 or 1/2,
The apperent conductivity, O, measured in the X5 direction is obtained by
miltiplying the conductance of the semple by the length/area ratio and is re-

lated to the local conductivity by

=1
85 o
. T j b (5)
°© 28, sy [f1 %2
S g dx,., dx
"y, *a, 2 l—
From egs. (5), (4) and (1) one obtains after same manipulation
0s-0 1 -1
£ 1 -1
z s Gem0y ° T@ [l'<jo I dg}) ] (6)

/1
mere 1= [ [ e @8 )8 (g s ()] 0,

(¢]

end a = <7"/err

It is of interest to compare ¥ as given by eq. (6) vith the corresponding
quantity W= (“'f"’)/("r'wi) vhere v, and v, are the final and initlal amounts
of defects. The explicit expression for W is given in reference &,

In Figure 1 we show W and I as a function of the dimensionless quantity

Dt/a§ for verious shape samples and values of °f/°i for the case m = 1. It




b

may be seen that in general W and T are very close to each other for long, thin
samples when cf/oi is not very different from unity. In other cases however
the assumption that ¥ = W may lead to large errors in the calculated diffusion
coefficients.

Application to Cuprous Oxide

Attempts to study interdiffusion in cuprous oxide using a vacuum micro-
ba.ance technique were severely limited by the nature of the material. Spe-
cifically, at temperatures above 1000°C evaporatior is very rapid so that the
small weight changes upon change of stoichicmetry are hard to determine. At
lower temperatures the cuprite phase field is very narrow, again precluding
reliable measurements. For these reasons we decided to resort to electrical
measurements in this systenm.

Two single crystal specimens were used; sample 1 was 4.50 x 4.65 x 6.34 mm
and sample 2 was 1.91 x 1.91 x 15.9 mm. In each case the conductivity was
measured along tae longest direction using two probes. After equilibration at
low oxygen pressure, ox'gen was rapidly admitted to the sample and the con-
ductivity monitored as a function of time. Strictly, in order to use the
expressions derived above for I, porous contacts covering the whole face of the
crystal should be used. The use of smaller contacts is likely to be less serious
in the case of sample 2. As conductivity changes are very rapid, the sample
current with known constant ayplied voltage was recorded with a recorder speed
of 6 inches/minute. Plots of I versus log t were superimposed on theoretical
plots of L versus log (Dt/ag) calculated according to eq. (6). 'The difference
in the abscissa of the two plots is equal to log (D/ui) so that D is reudily
calculated, As the conductivity is very temperature semsitive it is quite
possible to measure erranecus values of or; hovever, this becomes evident when

the experimental curve is compered to the thecretical curve, and any experimental
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results differing significantly from the theory were rejected.

Because of the very rapid diffusion observed there was considerable scatter
of the experimental results. These are reported in Tgble 1 with results for
each crystal at each temperature reported as an overage. The results for sample
2 were in general better and are in fair agreement with the theoretical values
(discussed below). The results for sample 1 are too high; it is not clear at
present whether this is due to the fact that the experimental conditioms did
not conform to the boundary conditions used in deriving eq. (6) or whether

effects such as surface diffusion are significant.

Theory for Cuprous Oxide and Comparison with Experiment
We can calculate the expected interdiffusion coefficients as follows.

Neglecting oxygen diffusion,” the rate of interdiffusion of oxygen and Cuy0),

*
will be given by the Darken equation

3=D;udlna/¢hc (1)

*
where DCu 1s the tracer diffusion coefficient of copper in cuprous oxide.

According to Moore and Selikson6 at an oxygen pressure of 0.1l torr
*
log,, Dy, = - 1.36 - T9C0/T (8)

Under the same conditions it was found by O'Keeffe and thre3 by direct
gravimetry that

1og,, x = 0.02 - 4760/T (9)

*
Objections raised in the previocus paper to the Darken equation are not
valid here. This is because now dln a/dln ¢ is very large (~ 103) and ve are

considering a dilute solution of vacancies (< 0.1%).




—

vith

3 1n x/d in Poz = 0,27 (10)

Now setting dln e/dln ¢ = 1/2 dln Poa/d.'ln (1+x) and recalling that x << 1
we obtain from eqs. (7) - (10)

log), D= -1.11 - 3140/T (11)

figble 1 also records D as calculated from eq. (1l). The agreement with
sample 2 1s really quite remarksble when it 1s remembered that the three separate
measurements being compared are all subject to large errors. Perhaps the most
ds2{icult measurement is that of the non-stoichiometry x and it is gratifying
that the interdiffusion results do confirm the order of magnitude at least of
the previously revorted results.

The D reported here may be interpreted as s vacancy diffusion coefficient.
The very high diffusion coefficients are in accord with the cbservation that
internal equilibrium can readily be reached in cuprous oxide down to very low
{emperatures.>?| It is worth remarking also thst in general cation mobility
is very nigh in the chalcogenides of the univalent metals.

This research was sponsored by the Alr Force Office of Scientific Research,

Office of Aerospace Reaearch, United States Air Force, under AFOSR grant
Nr. AF-AFOSR-T17-65.
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Table 1

Measured and Calculated Values of Loglo P in Cu,0

pog Semple 1 Sample 2 ¥ Calculated ©F
933 + 1 -3.4 (1) -3.6 (2) -3.TL

973 + 1 -3.15 (5) 3.4 (2) -3.63
1001 + 1 3.2 (3) =3.75 (4) =3.57
1032 + 1 -2.6 (2) =3.45 (3) -3.51
1064 + 1 -2.5 (2) . -3.4 (5) -3.L6

*
Numbers in paremtheses are the number of separate
measurements at that temperature.

*
Calculated from eq. (11).




Figure 1 - Thecretical curves for conductivity and weight change ag a
function of time for various shape samples. The numbers on

the curves are the values of ci/cf' The curves labeled W

i refers to weight change, the others to conductivity change.
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A Fortran Program to calculste condnctivity and weight as a function of time
during interdiffusion.®

The following program is designed to calculate £ and W as described in the
previous paper. The necessary input data are provided on three cards.

card (a) title in elpharmumeric form in columns 1-80

card (b) m as a floating point mmber in colums 1-10

cerd (c) the values of '3/51’ “}/°2 /a in colums 1-10, 11-20,

21-30. For the most useful range of output a, should be 2 a.

This set of three cards may be repeated for esch sample; the rinal card after
all the sets should be blank,

The cutput is BETA3 = B

LZ/IX = aa/alj LZ/1Y = aj/aa.

2
3517!:/33 ) 1og, . (53),2m1w. In the heading

The program has been found to run well for m = 0.5 and 1 (in the latter
case a much simpler program could be devised) and for c:ri/cvr < 1. The program
is d,ubtless inefficient but the demand in computer time is modest so that
little effort has been made to streamline it. A series of calculations for
cne sample tukes about five minutes using a CDC 3400 compuier

® yritten by V. J. Kasg.
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DATE 08/25/67 AT 021257 PAGE NO, 1
PROGRAM DIFCON

PROGRAM TO DETERMINE DIFFUSION COEFFICIENTS FROM CONDUCTIVITY
MEASUREMENTS

BRUTE FCRCF INTEGRATION

OMEGA MUST BE LESS THAN 1 (GAS UPTAKE)

OMEGA = SIGMA INITIAL / SIGMA.FINAL

EM = NDEPENDENCE OF SIGMA ON CONCENTRATION, THAT IS,
SIGMA = CONSTANT#CONCENTRATION#+EM

A32 = A3/A2 LENGTH OF 2 AXIS OF CRYSTAL / LENGTH OF LONGEST 0
X OR Y AXES

A31 = A3/A1 LENGTH OF Z AX!S OF CRYSTAL / LENGTH 0OF SHORTEST 0
X OR Y AXES

A31 SKOULD BE A LARGER NUMBER THAN A32

COMMON SK(S50), PROD(S0), A31, A32, BETA3, XI13, OMEGA, EM
DIMENSICN TITLE(20)

LOGLNF(X) = LOGF(X)/2,3025851

Pl = 3,1415926536

READ 970, (TITLEc(IY, | = 1, 20)

FORMAT(20A4)

READ 900, EM

FORMAT (1H1)

IF(EM) G643, 942, 943

READ 900, A31, A3?2, OMEGA

FORMAT(3F10,0)

PRINT 972

FORMAT (1K)

PRINT 970,(TITLECIY, | = 1, 20)

PRINT o010, EM, OMEGA .
FORMAT ( 5H M =, F6,3,10X, 19HSIGMA | / SIGMA F =, F7,4)
PRINT 911, A3y, A32

FORMAT(9H 1.7/LX =, FB8.4, 4X, 7HLZ/LY =, F8.,4 7/)
PRINT 926

FORMAT(EX, SHRETAZ, 5X, 9HLOG(BETA), 5X, 5HSIGMA, 6X, KHWEIGHT)
Az 10.0*LOGIIF(A3L) _
KLAOG = A

AA = KI.CG

AALCG = AAz10,0

RETLOG = -4,5 <« 2,0«AAL0G

DO 950 NIN = 1, S0

BETLOG = RETLOG + 0.1

BETAY = FXPF(UIETILOGR2, 8025851)

PROD(CLY = 0.0

CALL SIMPSON({SIMP) .

SIGMA (1.0700.0 = OMEGA)I«(L1,0 ~ (1.0/SIMP)Y)
RETAL = A31eA%1eRETAS

BETA? 2 A3D2«A8200ETAS

CALL SIMPUWTI{RETAY, uTY, EM)

[FOAZL - A32) 940, 9.1, 960

WTY = WlX

G Ta 947

CALLL SIMPWRT(HETAD, WTY, EH)

IFEALL - 1,0) 942, 988, 962

WY7 = WIY

6N T0 G¢s

IF(AR2 - 1.7) QK4, QKA, 944

Wr7 =2 Wly

o«




FIN 1.4 DATE 08/25/67 AT 021257 PAGE NO, 2

GO TO 965

964 CALL SIMPWT(RETAJ, WTZ, EM)

965 WTCHNG = WTX+*WTY*WTZ
PRINT 925, BETA3, BETLOG, SIGMA, WTCHNG

925 FORMAT(F13.6, F11.4, F12.4, F11.4)
IF(SIGMA = 0.0001) 944, 930, 930

930 CONTINUE
GO To 944

942 CALL EXITY
END

FIN 1.4 DATE 08/25/67 AT 021257 PAGE NO, 1
SURROUTINE SIM SON(SIMP)

COMMON SK(53), PROD(S50), A31, A32, EETAJ, X13. OMEGA, EM

NINCZ = 43
ZINC = 0,075
C X13 = 0,0

CALL BINOM(BIN::
SIMP = ZINC (3. -BINT)
BINTY = i.0/RINT
c PRINT 41, RETA3,XI%. BINTL, SIMP .
N0 35 JSIMP = 1, NINCZ
AMSIMP = JUSIMP
XI3 = ZINC#AJSIHKP
IF(JSIME = NINCZ)Y 26, 27, 27
0 26 1F{XMODF(JSIMP, 2)) 28, 29, 28
1 Call RINGM(BINT)
PaNEL = 4,0¢7INC/(BINT#3,0)
O SIMP = SIMP + PANFL
RINTY = 1.,0/RINT
c PRINT 41, BETAZ,XI3, BINT1. SIMP
C Co TG 30
29 CALL BINOM(RINT?
: PANEL = 2.0¢721NC/7(RINT«3,0)
0 SIMP = SIMP + PANEL

NI
=

RINTY = 4,n/RINT
C PRINT 41, RETAZ, XTI, BINTL, SIMP
0 ) To 30
: 27 CALL BINOM(BINT)
h PANEL = ZINC/UNINTES.0)
0 SIMP 2 SIMP 4 PANEL

RINTY = 1,0n/RINT
PRINT 41, OETAY,XIX, RINTL, SIMP
P} S0 CONTINUE
41 FORMAT(IR BETAZ=, F10,4, 9Y SulS =, F7.4, Sy 1041, /74INT =,
1 £12.5, SX 6MSIMND =, E12.5%)
D RETURN
‘5‘ ‘"ND

O




FIN 1,4 DATE 08/25/¢7 AT 021257 PAGE NO.
SUBRROUTINE SxI(RETA, XI, §)

¢~ c COMPUTATION OF SERIES FOR S TN RE USED IN SIMPSON [NTEGRATION
-~ c TO OBTAIN INTEGRAL OF Sw+K
IF(BETA ~ 0,0003) 112, 112, 113
W C 112 IF(X] - p,9) 114, 114, 115
3 113 IF(BETA - 0,001 ) 117, 117, 118
m . 117 IF(X] - 0.8) 114, 114, 115
1 C 118 IF(BETA - 9.003 ) 122, 122, 123
: L 122 IF(X1 = n.7) 114, 114, 115
E 123 IF(BETA - 0.01 ) 127, 127, 128
1 C 127 IF(X] - p.4) 114, (14, 115
- 128 IF(BETA -~ 0,03 ) 132, 132, 115
132 IF(XI - 2.0) 114, 114, 115
¢ 114 S = 1,9
RETURN
115 CONTINU&
C PI = 3.1415925536
S = 0,0
DO 310 MM = 1, 100
) NPT = MM - 1
ANPT = NPT
ANPH = ANPT + 0.5
O ARG = BETA*ANPHeANPH«PI#P]
IFCARG ~ 175,0) 308, 308, 309
308 FAC1 = 1,0/EXPF(ARG)
50 TO 306
309 TERM = 9.0
GO To 331
306 FAC2 = COSF(ANPH«PIwX])
IFCXMODF(NPY, 23 304, 3395, 504
305 FAC3 = 2.0/(ANPH«P])
C GO TO 302
304 FAC3 = =2.0/(ANFH=P])
] 302 TERM = FACI«FACL1#FAC?
( IFCARSF(FAC2 ) - 1,0E-05) 303, 303, 327
i 327 1F(NPT - 3) 313, 305, 328
; 328 IF(ARSF(TERM/S ) - 1,0F<05) 231, $31, 303
o 363 S = S + TERM
- 310 CONTINUE
RETURN

331 S = S + TERM

340 FORMAT(&H NPT =, 13, 10X, IHS =, F9.5, 10X 6HTERM =, E12.5)
. RETURN .

< END

-
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FIN 1.4

710
711

750
735

751
733
782
172
720
716

7354

730

717
740

acs
R$?
R

851
fap
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SURROUTINE PRODSK

SURROUTINE TO DETERMINE PRODUCT OF SK(BETA1)+SK(BETA2)
COMMON SK(50), PROD(%0), A31, A32, BETA3, XI3, OMEGA, EM
IF(PRODC1))Y 710, 714, 710

RETURN

BETA = BETA3+A31+A31

IFCA31 - A32) 750, 751, 750

PRINT 735, BETA3, BETA

FORMAT(9H RETA 3 =, F10,6, 10X, BHRETA 1| =, F10.6)

GO TO 782

PRINT 733, BFTA3, BETA

FORMAT(9H BETA 3 =, F1n,6, 10X, 17HEETA { = BETA 2 =, F10.6)
PRINT 172 ,

FORMAT(6H X! , 5X, S5HS » 3X, 3KC , 40X, SHSK(K))
CALL SIMPI2(RETA)

DC 720 MN = 1,25

PROD(NMN)Y = SK(MN)

IF(A3L - A32) 716, 717, 716

RETA = FETA3I«A32+A32

PRINT 724, BFTA3, BETA

FORMAT(GH BETA 3 =, F10.6, 10X, 8HRETA 2 =, F10.6)
PRINT 172

CALL SIMP12(RETA)

DO 730 MN = 1,25

PROD(MN)Y = PROD(MN)#SK(MN)

RETURN

DO 740 VN = 1,2%

PROD(MN) = SK(MN)«SK{MN)

RETURN

END

.

DATE 08/25/67 AT 021257 PAGE NO, 1
SURROUTINE KINOM{WINT)
COMMON SK(50), PROD(S0), A31, AS2, BETAS, XI3, OMEGA, EH
RINT = 1.0
RCOEF = 1.0
DO 830 KRI = 1, 25
K = KB]
AKR] = KR]
RCOEF = RCOEF*(EM-AKR[+1.,0)/AKR]

FACYL = (OMEGA®#(1,0/FM) = 1.0)esk
CALL SXT(HETAZ, XI1&, )
FAC2 = SvegK

CALL PRCNDSK

FAS PROD(KBI)

TERM = KCOFF «FACL{+FAC2eFACS

[F(KA] - 1) rED, 832, A28
IFCARSEFLTERM/BINT) - {,0F-05) 831, E31, B32
RINT = EINT « TEQM

ConNT [NVE

RPETURN

HINT = BINT + TEQM

FORMAT(dH K =, |3, 18X, AHRINT =, i£12.5, 10X. 6HTERY =, F12.,5)
RETURN

END
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SUBROUTINE SIMP12(BRETA)

SUBROUTINE FOR SIMPSON INTEGRATION OF S(XI1), S(Xx12) TO GIVE ALL

COMMON SK(50), PROD(50), A31, A32, BETA3, XI3, OMEGA, EM
Pl = 3.,1415926%536

X! = 0.0

ZINC = 0,020 . .

NINCZ = S0

CALL SXI(BETA, XI, S)

DO 152 MN = 1, 25

SK(MN) = ZINC#S#eMN/3,0

C =1.0

PRINT 171, XI, S, C, (SK(L), L = 1,9)
DO 180 JSIMP = 1, 49

AJSIMP =z JSiIMP

X1 = AJSIMP#7INC

CALL SXI(BFTA, XI, S)
IF(XMODF(J5IMP,2)) 140, 141, 140

DO 142 MN = 1, 25

PANEL = 4,0#7INC«S+«MN/3.,0

SK(MNY = SK(MN) + PANEL

C = 4,0

PRINT 171, XI, S, C, (SK(L)» L = 1,9)
GO TG 180

DD 144 MN = 1, 25

PANEL = 2.0#7INC+«S+wMN/3.0

SK(MN) = SK(MN) + PANEL

€ = 2.0

PRINT 171, X1, S: C, (SK(L)» L = 1,9).

FORMAT(FA.3, F10.5, F6.1, 9F10.5)
CONTINUE

PRINT 172, (SK(LYy, L = 1, 9)

FORMAT(22H 1.000 n.00000 1.0, 9F10.5%)
PRINT 173

FORMAT(1HL)

RETURN

END

CATE nR/D5/K7 AT 021257 PAGE NO.
SUNROUTINE STMPWT(RETAWT,FM) .
COMPUTATION F CONDUCTIVITY CHANGE AS CALCULAITFD vY WEIGHT
CHANGE FORMULAS
PiL =2 2,1415926536

S = 0.0
DN 4p0 K = 1, 101
AY =2 K -

TERM 2 (4.0/0ANeN . 5) e el ) et PP (=-0ETAP ] aPla(AN ¢ N,9)0e2)
TR CTERM - g, 0ok) dHL, 48Y, 4890

SUM = SLM e TkiM

WT = (2,07(P e ) )e(SUM & TERM)

e TLHN

END

1

1
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